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ABSTRACT 

On May 17, 2012 an M5.1-class flare exploded from the sun. An 0-type coronal mass ejection 
(CME) was also associated with this flare. There was an instant increase in proton flux with peak 
at > 100 MeV, leading to S2 solar radiation storm level. In about 20 minutes after the X-ray 
emission, the solar particles reached the Earth. It was the source of the first (since December 2006) 
ground level enhancement (GLE) of the current solar cycle 24. The GLE was detected by neutron 
monitors (NM) and other ground based detectors. Here we present an observation by the Tupi muon 
telescopes (Niteroi, Brazil, 22°. 95*, 43'^.2VF, 3 m above sea level) of the enhancement of muons at 
ground level associated with this M5.1-class solar flare. The Tupi telescopes registered a muon excess 
over background 20% in the 5-min binning time profile. The Tupi signal is studied in correlation 
with data obtained by space-borne detectors (GOES, ACE), ground based neutron monitors (Oulu) 
and air shower detectors (the IceTop surface component of the IceCube neutrino observatory). We also 
report the observation of the muon signal possibly associated with the CME/sheath striking the Earth 
magnetosphere on May 20, 2012. We show that the observed temporal correlation of the muon excess 
observed by the Tupi muon telescopes with solar transient events suggests a real physical connection 
between them. Our observation indicates that combination of two factors, the low energy threshold 
of the Tupi muon telescopes and the location of the Tupi experiment in the South Atlantic Anomaly 
region, can be favorable in the study and detection of the solar transient events. Our experiment 
provides new data complementary to other techniques (space and ground based) in the study of solar 
physics. 

Subject headings: solar physics: interplanetary shocks, solar physics, astrophysics and astronomy 
(flares and mass ejections), geomagnetic storms, atmospheric effects 



1. INTRODUCTION 

Ground- level enhancements (GLEs), typically in the 
GeV energy range, are sudden increases in cosmic ray 
intensities registered by neutron monitors (NMs), which 
are ground based instruments that detect the secondary 
neutrons produced by the pri mary protons penetrat - 
ing the Earth's atmosphere (Go palswamv et all I2010D . 
These enhancements can be registered by other types of 
ground det ectors, such as air shower detectors and muon 
telescopes (|Nitta et al. II2012I ). In most cases GLEs take 
place during the intense X-clasfl solar flares as well 
as the fast (ab ove ~ 1000fcrras~M Cor o nal Ma ss Ejec- 
tions (CMEs) (jCopalswamv et al.llMol 1201 lal l. There 

^ E-mail address:navia@if. uff.br 
^ Flares are classified into X, M, C, B and A flares, with X 
corresponding to GOES ffux in excess of 10"* Watts m.-"^ at Earth, 
and s uccessive classifications decreasing in decades IjFletcher et al.l 
[200) . 



are some GL Es cases assoc iated with weaker flares and 
slower CMEs (|Cliver 1 120061 ) 

GLE events are solar energetic particle (SEP) events. 
SEP are one population of particles in the interplanetary 
space from the Sun to 1 AU, that are classifi ed accord- 
ing to parti c le origin or acceleration region (Kallenrode I 
[20011 [20031: iTsurutani et"an [20091) . SEP have inter- 
mediate energies from ~ \QkeV / nucleon to the GeV 
range and occur in events that last from some hours 
to a few days. SEP are much more frequent at times 
of solar maximum than during solar minima, the oc- 
currenc e of SEP events is directly related to flares and 
CMEs ()Kallenrodell2003[ ). There are recognized two 
distinct classes of SEP events, impulsive (accelerated in 
flares) and gradual (accelerated at CME driven shocks) 
(jCane et al. 1986; Kallcnrodc 2003). 

A number of individual GLEs has been studied in de- 
tails in literature, nevertheless the exact conditions and 
processes that are responsible for these extreme SEP 
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events are not understood yet (jNitta et al. II2012I ). 

Since 1950th the observation and the study of the pow- 
erful solar flares has been done exclusively with NMs 
all around the world, especially in the polar region s 
(jMever et al.|[l95l ISimpson |[200a IMoraal et al"~|[2000l ). 
Observation with NMs yield a lot of new information. 
For instance, the anti-correlation between solar activ- 
ity and the flow of galactic cosmic rays, the existence 
of a prompt and late emission in flares, correlations 
of the cosmic ray intensity with CMEs and other so- 
lar disturbances cro ssing the Earth, etc. (Chupp 1987; 
IMoraal et al. I [20001) . Nowadays, particles accelerated 
near the Sun can be detected by space-borne instru- 
ments. The measurement of high energy protons in space 
is achieved by the High Energy Pro ton and Alpha Detec- 
tor (HEPAD) (jOnsager et al.l(l996[ ) on the Geostationary 
Operations Environmental Satellite (GOES), which pro- 
vides data on differential fluxes in three channels in the 
energy region between 350 MeV and 700 MeV, integral 
flux abov e 700 MeV, and the X -ray flux in two wave- 
lengths {{http : / /voww. oso.noaa.gov/ goes I index. htm)). 

Solar flares that can be measured at the Earth's surface 
are rare events. Not all of the solar explosions observed 
by satellites can be measured at the Earth's surface. For 
instance, there can be dissipation of the radiation by the 
interplanetary magnetic field (IMF), particles can be de- 
flected or captured by the Earth's magnetic field or ab- 
sorbed by the Earth's atmosphere. 

GLEs are quite rare events. Fewer than 100 
ev ents h.ave been observed by NMs in the last 70 years 
Yittp : // www. nasa.gov/niissionpages/sunearth/news /pa r 
It IS important to note that ground detectors do not 
observe GLEs simultaneously. For instance, the NMs 
which observed the GLEs in solar cycle 23 were located 
at regi ons with the geomagn etic rigidity cutoff ^ IGV 
or less ()Shea fc Smart II2011D . 

Solar flares and CMEs occur whenever there is a rapid 
large-scale change in the Sun's magnetic field. Solar flare 
detection at ground level depends on good magnetic con- 
nection between the Sun and Earth. Most solar flares 
associated with GLEs are located on the western sec- 
tor of the Sun where the IMF is well connected to the 
Earth (jReames 1119990 . At least two more factors may 
contribute to GLEs: the presence of prior CMEs and 
the magnetic field connection of the acceleration region 
to Earth. The time profiles of the observed SEP events 
depend on the original solar active region longitude (he- 
liologitude). For example, those from the western source 
active regions tend to rise more quickl y to the peak than 
those from the eastern source regions (|Cane et al.lll988L 
[2003HNitta et al. IIMllReames 111991 . The solar active 
areas are distributed in much broader longitudes tha n 
those of impulsive SEP events in flares (jReames II1999( ). 

Among 16 GLEs observed in the previous solar cycle 
23, 14 GLEs were linked with X-class flare, one with an 
M7.1-class flare and one with a C2.2-class flare. It was re- 
ported that in 15 GLE the a ssociated blast has also emit- 
ted a CME (IKahler 1120011) : (ICliver II1983L 12001) . Usually 
the CMEs provide conditions for the seed particles to be 
re-accelerated. These shock driven CMEs lead to GLEs 
that can be observed by ground based detectors. The 
last GLE from the previous solar cycle 23 was originated 
by the X3.4 class flare at (02:14 Universal Time (UT)) on 
December 13, 2006, at the active solar spot region with 



heliospheric coordinates (S06,W23). There was also a 
CME associated with this X3.4 solar blast. 

On the other hand, the first GLE observed in the cur- 
rent solar cycle 24 has been linked with an M5.1-class so- 
lar flare on May 17, 2012. An 0-type (type O stands for 
"occasional") CME was also launched during this event 
\http : // cdaw.gsfc.nasa.gov/) , and a category S2 solar 
radiation storni^ was observed. 

Here we present new data on the observation of muon 
excess in association with the M5.1-class flare. In this 
study we include data obtained by other ground based 
observations, such as Oulu NM (Usoskin ct al. 2011) and 
the IceTop air shower detectors ((Taniburro .,2012 ) , as well 
as observations obtained by space-borne detectors. In 
addition, we also analyze the Earth passage of the mag- 
netic disturbance linked with the CME originated in the 
solar eruption on May 17, 2012. The Tupi observations 
are studied in correlation with observations reported by 
the Advanced Composition Explorer (ACE) l ocated in 
the LI Lagrangian point (http : / /www. swpc.noaa.gov). 
We also used the estimated 3 hr planetary Kp index con- 
sidering that it reflects the mean magnetospheric activ- 
ity {(http: / /www. .swpc.noaa.gov/rtplots/kp3d. html)). 
Based on the I'upi data, we obtained the time delay and 
the signal significance of the fiare and the CME ejecta, 
as well as the earth passage time of the ejecta. 

This article is organized as follows. In Section 2 we 
discuss favorable conditions to detect the impulsive SEP, 
especially those linked with GLEs. In addition to those 
already recognized in literature, we highlight the specific 
tioteftioiyte^tetFupi muon telescopes near the South At- 
lantic Anomaly (SAA) central region. Section 3 explains 
experimental setup. Section 4 presents methodology and 
the results of the association between the Tupi muon ex- 
cess and an M5.1-class flare on May 17, 2012, registered 
by satellites and ground based detectors. Section 5 de- 
scribes the Tupi observation of the muon excess on May 
20, 2012 possibly associated with the Earth passage of 
the CME ejecta originated in the solar events on May 17, 
2012. Section 6 presents other examples on the associa- 
tion between muon excesses at ground level and transient 
solar events in the current solar cycle 24, registered by 
spacecrafts. In Section 7 we present summary and our 
conclusions. 



2. CONDITIONS TO "HUNT" FOR SOLAR ENERGETIC 
PARTICLES AT EARTH 

Large solar fiares are often associated with CMEs. Un- 
der favorable conditions, such as a good magnetic con- 
nection between Sun and Earth, a blast of high-energy 
particles with energies above several hundred of MeV, 
can reach the upper atmosphere and produce secondary 
particles detected by ground based detectors. The ener- 
getic charged particles emitted by a flare, move into the 
interplanetary medium, following the solar magnetic field 
lines (Parker spiral), which defines the sunward mag- 
netic field direction. In general, solar fiares originated 
in active areas located in the western sector of the Sun 
(in the heliolongitude) have a good magnetic connection 
with the Earth. The best condition happens when the 



^ The scales have numbered 

^http : / /www. swpc.noaa.gov /NO AAscales/) . 
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Fig. 1. — Expected time delay (onset at Earth) of 800 to 1300 
MeV solar protons as a function of solar longitude (solid line). 
The May 17, 2012 solar flare was associated with a active region 
AR1476 located at (N07W88), so the expected time delay is about 
1.8 h. The time delay observed by NMs is ~ 0.49 h and the time 
delay for the Tupi detector is ~ 0.2 h. 

emitted particles have very small pitch angles Q, rela- 
tive to the foot point spiral field that connects the Earth 
to longitude 55° West of the ce ntral meridian of the 
Sun (as viewed from the Earth) (jShea fc Smart I [19961 : 
I Smart fc Shea |[2003l ) . Under this condition the energetic 
particles travel essentially along the interplanetary mag- 
netic field lines, and their diffusion in the interplanetary 
medium is negligible. 

This minimum scattering condition is usually called a 
"scatter free" propagation. In general, MeV solar par- 
ticles appear to have an average mean free path length 
of the order of ~ 0.1 — 0.3 AU and the time delay be- 
tween the X-ray emission (observed at 1 AU) and the 
onset of the GLE is several dozens of minutes. On the 
other hand, long time delays indicates a diffusive propa- 
gation. For solar flares from active regions located at the 
East of the helilongitude, the time delay (between emis- 
sion and the GLE onset) can be from several hours up 
to days. Almost all diffusion models involving solar par- 
ticle transport in the interplanetary medium show that 
the maximum time delay is proportional to the square of 
the dist ance traveled. Usi ng the heliographic coordinate 
system (l\yibberenz 111974). the onset time of the GLE is 
given bv (|Barouch et al. Iil97il) : ([Smart fc Shea II1985D 

Td(m hours) = +40', (1) 

P 

where /3 = w/c, v is the particle speed, d is the heliolongi- 
tude, and D is the Archimedean spiral path length (mea- 
sured in AU). The minimum in the curve corresponds 
to zero pitch angle condition, that is a flare at the "foot 
point" of the Archimedean spiral path between the Earth 
and the Sun (this is about d = 57.2°). Figure 1 shows the 

* The pitch angle is defined here as the angle between the viewing 
direction (asymptotic cone of acceptance) and the sunward mag- 
netic field direction. 




Fig. 2. — Left panel: Sketch of the geomagnetic hole in the 
South Atlantic area. The magnetic field intensity in this area is 
about three times lower than the intensity of the magnetic field at 
the SAA boundary. Right panel: Geographical distribution (lati- 
tude vs longitude) of proton flux (E > 850A/ey) measured by the 
HEPAD ICARE detector Boatella et al.j ((2010). The color scale is 
logarithmic. The dark color(rcd) represents 10 times higher proton 
flux than the one with the light color(blue). 

time delay as a function of the helilongitude, where the 
solid line indicates is t he expected delay time according 
to Wibberenz's model t Wibberenz 111974 ). 

On the other hand, both the intensity and the spec- 
trum of SEP observed by ground based detectors also 
depend on the relative locations of these detectors on 
Earth, as well as at the time of the occurrence of solar 
flares. For instance, ground based detectors positioned 
near the geomagnetic equator are not able to register 
SEP from solar flares due to high geomagnetic cutoff 
rigidity. Thus, the polar regions with low geomagnetic 
cutoff rigidity are the most favorable locations to detect 
solar transient events. 

However, there is one more place on Earth, where the 
Earth magnetic field is weakened considerably. This is 
the South Atlantic Anomaly (SAA), the area at mid- 
South latitudes, off the coast of Brazil (see Figure 2). It 
covers almost 7.8 million krr? and currently continues to 
grow. 

Geographical distribution of proton flux measured by 
the HEPAD ICARE instrument on-board the Argen- 
tinean satellite SAC-C showed an excess (up to 10 times) 
of protons with E > 850 MeV in the SAA central region 
in comparison with the region outside of the SAA. These 
high energy protons are hard to be considered as Van 
Allen trapped protons, because the SAA models such 
as AP8 and several measurements of the trapped pro- 
tons showed that thei r energies do not exceed 300 MeV 
([Boatella et al. II2010D . In addition, the PAMELA Col- 
laboration introduced a subcutofF in the rigidity that is 
below the nominal Stormer rigidity cutoff in the SAA 
area fCa solino et al. I Il987f ) . Downward going protons 
with energies above 200 MeV are also clearly seen at 
the latitudes between 40°S and 20° S (the SAA area). 
These are so-called " quasi-trapped particles" . This geo- 
magnetic subcutoff is about 10 times smaller than the 
nominal geomagnetic cutoff rigidity. At the Tupi ex- 
periment location (22".9S', AS°.2W) that is close to the 
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SAA central region, this subcutoff is around 800-1000 
MV (equivalent to 800-1000 MeV for protons.) 

Thus, the primary and secondary charged cosmic ray 
particles can penetrate deep into the atmosphere owing 
to the low geomagnetic field intensity over the SAA. Con- 
sequently, in the SAA region cosmic ray fluxes at lower 
energies are even higher than world averages at compara- 
ble altitudes. This is reflected as an enhancement in the 
counting rate of the incoming primary cosmic ray flux. 

3. EXPERIMENTAL SETUP 

The Tupi experim ent has two muon telescopes 
(jAugusto et al. 1 120111 ). Each telescope was constructed 
on the basis of two detectors (plastic scintillators 50 cm 
X 50 cm X 3 cm) separated by a distance of 3 m. One 
telescope has a vertical orientation, and the other one is 
oriented near 45 degrees to the vertical (zenith), point- 
ing to the west. Each telescope counts the number of 
coincident signals in the upper and lower detector. The 
output raw data consists of counting rate versus universal 
time (UT). The Tupi telescopes are placed inside a build- 
ing, under two flagstones of concrete {150g/cm^). The 
flagstones increases the detection muon energy thresh- 
old up to ~ 0.2 — 0.3 GeV required to penetrate the 
two flagstones. The Tupi telescopes has an effective field 
of view 0.37sr. The effective solid angle of each detec- 
tor can be roughly obtained from the following relation: 
17 — 27r(l — cos^z), where 9^ is the maximum zenith 
angle. 

Time synchronization is essential for correlating event 
data in the Tupi experiment, and this is achieved by 
using the GPS receiver. All steps from signal discrimi- 
nation to the coincidence and anticoincidence are made 
via software, using the virtual instrument technique. The 
application programs were written using the LAB- VIEW 
tools. The Tupi experiment has a fully independent 
power supply, with an autonomy of up to 3 h to safe- 
guard against local power failures. As a result, the data 
acquisition is basically carried out 24 h a day. 

The Tupi experiment is in the process of constant ex- 
pansion and upgrade. There is work in progress on addi- 
tional new telescopes in Campinas (Brazil) and La Paz 
(Bolivia). 

4. OBSERVATION OF THE CLE ON MAY 17, 2012 BY THE 
TUPI MUON TELESCOPE 

Here, we present the muon excess associated with the 
May 17, 2012 M5.1-class solar flare observed by the 
Tupi muon telescopes. We compare our data with ob- 
servations made by spacecraft detectors, such as GOES 
satellites. The timeline of the solar flare (onset;peak;end) 
is as follows: (01:25 UT;01:47 UT;02:14 UTj_ 
{http : / /www.lmsal.com/ solarsoft/latesteVentSarchive. 
The X-ray energy how measured by the GOES in the" 
wave length 0.8-4 A is used to classify the solar flare. 
For the May 17, 2012 event the X-ray energy flow peak 
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Fig. 3. — Observation of the May 17, 2012 solar flare. The x-ray 
prompt emission of the solar flare at the onset time (01:25 UT) is 
classifled as M5.1 class by the GOES satellite (top panel). Proton 
flux time profile observed by the GOES satellite (central panel). 
For comparison, there is time profile of the 5-min muon counting 
rate observed by the inclined Tupi muon telescope (bottom panel). 

The inclined Tupi telescope registered a muon excess 
over background ^ 20% in the 5-min binning time pro- 
file. We estimate signal significance in the period {0 — 9h 
UT) . The percent deviation of a signal S is defined here 
as S* = (C*^*-' — B)/B, where C*^*-' is the measured number 
of counts in the bin " i" and B is the average background 
count for a given time period. The occurrence of GLE 
(muons excess) as observed by the Tupi telescope can be 
interpreted as evidence of the arrival in the upper lay- 
ers of the atmosphere of a bundle of protons and/or ions 
with energies exceeding the pion production and above 
the local geomagnetic cutoff rigidity. The onset time ob- 
served by the inclined Tupi telescope is about ^ 1.62 ft, 
UT, an the peak time at ~ 1.7 h UT. In Figure 3 one 
can notice an increase in the counting rate after 9 h UT. 
This seasonal vari ation of the inten sity is called day-night 
asymmetry (Augu sto et al. |[2010D . The increase in pre- 
cipitation usually happens about 3 h after sunrise, and 
similar effect (the decline in precipitation) occurs about 



went up to 5.1 x 10 ^ Watts 1 



and represents an 



M5.1-class fiarc. In general, M-class flares are ten times 
smaller (in X-ray flow) than the X-class fiares (the most 
powerful). The May 17, 2012 solar eruption consisted 
of an M5.1 soft X-ray solar flare and a fast CME. In 
addition, the GOES registered increase in the proton 
flux. There was observed a S2 radiation storm. Figure 
3 summarizes the situation. 



htrri\ h. after sunset. 

On May 17, 2012, there have been observed a signifi- 
cant increase in the counting rate of the IceTop air shower 
detectoiQ, a neutron monitors at the South Pole NM and 
Oulu NM (close to the North Pole) in association with 
the M5.1-class flare. This observation constitute the flrst 
GLE in the current solar cycle 24. 

A comparison between the GLE observation made by 
the IceTop air shower detector at the South Pole and 

^ The IceTop surface component of the IceCube neutrino obser- 
vatory. 
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Fig. 4. — Top panel: time profile of the SPE-MPE counting rate 
change (in percent) observed by the IceTop air shower detector. 
Bottom panel: time profiles of the 5-min muon counting rate ob- 
served in the vertical and inclined Tupi telescopes on May 17, 2012.. 
All observations were made on May 17, 2012. 

the muon counting rate in the inclined Tupi telescope 
is shown in Figure 4. The IceTop has two discrimina- 
tors rates: SPE (Single Photo Electron) and MPE (Muhi 
Photo Electron). The counting rates (for both SPE and 
MPE) are in the range from 1 to 10 kHz. On the other 
hand, the counting rate of the Tupi telescopes is 100 kHz. 
In Figure 4 we show the time profiles of the vertical and 
inclined Tupi telescopes on May 17, 2012. The muon 
excess over background in the vertical Tupi telescope is 
~ 10%, and in the inclined Tupi telescope - 20%. 

The GLE event observed by the Oulu NM (located 
in the region near the North Pole) on May 17, 2012 is 
presented in Figure 5. For comparison we show the time 
profile of the 5-min muon counting rate in the inclined 
Tupi telescopes on May 17, 2012. 

These ground based observations show large extension 
and anisotropy of the SEP linked with the M5.1 solar 
flare. Usually the counting rate of secondary particles 
produced by vertically incident projectiles is in reverse 
correlation with the atmospheric pressure. The variation 
of the barometric coefficient observed by NM detectors 
is around 1% per mbar. However, the variation of the 
barometric coefficient for muons at sea level is ^ 10 times 
lower, i.e. 0.1% — 0.2% per mbar. 

We would like to point out some differences between 
the Tupi observations and the IceTop-Oulu observations. 
The Tupi telescopes observe the muon excess as a nar- 
row peak. As one can see from Figures 4 and 5, the 
width of the GLE signal observed by IceTop-Oulu is ~ 3 
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Fig. 5.— Top panel: The May 17, 2012 GLE event observed by 
the Oulu NM (corrected and uncorrected for pressure). The onset 
time is 01:43 UT (when the intensity is 2% of the peak). Bottom 
panel: time profile of the 5-min muon counting rate observed by 
the inclined Tupi muon telescope. 

times wider that the Tupi peak. This difference can be 
attributed to the small field of view of the Tupi tele- 
scopes. The effective field of view of NMs and air shower 
detectors is higher, ~ 3.14 sr. The muon telescope de- 
tects only those particles whose direction of propagation 
is close to the axis of the telescope, by other words, when 
the particle flux is contained within the telescope field of 
view. 

Comparison of the May 17, 2012 GLE signal signifi- 
cance as a function of the onset time and the peak time 
is summarized in Figure 6. From this figure we can see 
that Tupi observed the peak of the signal before the so- 
lar flare maximum (detected by GOES), and the Ice- 
Top and Oulu experiments observe the GLE peak af- 
ter the solar flare maximum. For 1.2 AU Parker spiral 
length, the solar particle release time has been reported 
as (01:40 UT), normalized to electromagnetic emissions 
(jGopalswamv e t al. 201^. 

5. TUPI OBSERVATION OF THE O-TYPE CME ON MAY 20, 

2012 

Recently the Tupi experiment has reported the re- 
sults of an ongoing survey on the association between 
the muon flux variation at ground level and the Earth- 
directed transient disturbances in the interplanetary 
medium propagating from the Sun (su ch as CME and 
corotating interaction regions (CIRs)) (|Augusto et al. I 
l2012bf) . In present work we apply the same method 
for the analysis of the geomagnetic disturbance linked 
with the CME associated with an M5.1 solar flare on 
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Fig. 6. — Correlation between the onset time and the peak time 
for the May 17, 2012 GLE observed by different experiments. The 
X-ray prompt emission of the solar flare at the onset time (01:25 
UT) is classified as an M5.1 class by the GOES satellite. The solar 
flare peak time determined by GOES is (01;47 UT). The Tupi signal 
significance in the period (0 — 9h UT) is estimated using the 5-min 
binning time profile. The Oulu NM onset time was reported as 
(01 : 43 UT) (when the intensity is 2% of the peak). We made 
estimations of the signal significance for the IceTop experiment 
using the SPE-MPE counting rate in Figure 4. 

May 17, 2012. According to the SOHO LASC0/C2 
{http : // sohowww.nascom.nasa.gov/), the CME first 
appearance was at (01:48 UT). 

A sudden increase in the density, speed, and tempera- 
ture of the solar wind and in the IMF intensity registered 
by a sateUite, indicates the arrival of a shock wave . If 
the origin of the disturbance is the CME ejecta, then the 
disturbance crosses the Lagrange point LI first, and after 
several hours it arrives at Earth. If CME has significant 
southward component (Bs) of the interplanetary mag- 
netic field (IMF) in either the sheath behind the shock 
or in the driver gas (magnetic cloud), then after reach- 
ing the Earths magnctosphcre, it may lead to geomag- 
netic storms_JJIVur^^ al. ( 1988); Gonzalez ct al. 
(fl99l : iTsu^utani et al. I (|l997'a[ l2006allbi )). In addition 
, the ground-based detectors can observe depress ions of 
cosni i c-ray intensity (so called Forbush events) (jCane I 
l2000HCane et al.. 1119961) due to the shadow effect by the 
passage of the disturbance on the Earth. Several indices 
were developed to reflect global information about cur- 
rent magnetospheric activity based on different inputs 
at different locations around the globe. Kp and Dst are 
the most widely used indicators (iBartels lll963HSugiura 



1991) 



1964 iRostoker 1 119721: iMavaud lT980l: iGonzalez et al. 



According to the Stereo A spacecraft, the speed of the 
0-type CME on May 17, 2012 was ~ 1500A:ms-^ The 
preliminary analysis indicated that the CME was not 
entirely directed to the Earth. However, according to 
the SWEPAM solar wind detector on board the ACE 
spacecraft, on May 20, 2012 at (01:44 UT) there was 



Fig. 7. — Comparison between the solar wind parameters (tem- 
perature and speed) observed by the ACE satellite (two panels 
from the top), the Kp index (bottom panel) on May 20, 2012 and 
the muon counting rate in the vertical Tupi telescope (third panel). 
The Tupi counting rate is 5 min binning here. The arrows in the 
third panel indicates the begin and the end of the disturbance sig- 
nal on Tupi data. 

registered an interplanetary shock. A possible origin of 
this shock was the 0-type CME of May 17, 2012. The 
shock signal at Earth was very soft, with the Kp index 
Kp = 4 at (3-6 h UT). This means that the disturbances 
in the geomagnetic field caused by the CME eject was of 
minor scale. 

The signal (with significance 4.1%) in the vertical Tupi 
telescope is observed at (^ 4 hUT) in association with a 
Kp — 4 (see the first arrow in Figure 7). The second 
arrow at ~ 13h UT indicates ~ 10% increase in the Tupi 
muon conning rate, the corresponding Kp = 3 at (12-15 
h UT). Possible explanation of this observation is that 
the travel duration of the magnetic disturbance through 
the Earth was around 9 hours. After the passage, the 
Kp index falls to Kp = 1. In Figure 7 we show compari- 
son between the solar wind parameters (temperature and 
speed) observed by the SWEPAM solar wind detector 
on board the ACE satellite, the Kp index and the muon 
counting rate in the vertical Tupi telescope on May 20, 
2012. 

6. OTHER OBSERVATIONS OF MUON EXCESS IN 
ASSOCIATION WITH SOLAR FLARES IN THE 
CURRENT SOLAR CYCLE 24 

Solar flares are characterized by their brightness in 
x-ray flux. In most cases, only flares of X-class 
and M-class (flux above 10"^ and IQ-'^Watts m ^ re- 
specti yely) are observed by ground detec tors. Since 
2005 (lAugusto et al. I (pOOSl ): lNa7ia et al. I (pOOl ) the 
experiment with the Tupi muon telescopes have re- 
ported observation of signals from small solar transient 
events, including association with gamma-ray emission 
by C-class flares obse rved by the Fermi GBM detector 
(|Augusto et al. |[2011[ ). as well as simultaneous observa- 
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tions between Tupi muon excess and the Pierre Auger 
observatory (SD in scaler mode) counting rate enhance- 
ments in association with X-ray emi ssion from solar fl ares 
detected by GOES sateUites fAug usto et al. Il2012j ). It 
means that small-scale solar flares, those with prompt X- 
ray emission in excess of 10"^ Watts at 1 AU (clas- 
sified as C class) may give rise to GLEs, probably associ- 
ated with solar protons and ions arriving to the Earth as 
a coherent particle pulse. In general, significance of the 
signal from a solar flare observed by the Tupi telescopes 
depend on several factors. For instance, solar flares orig- 
inated in active areas with a good magnetic connection 
with the Earth, during the time interval (~ 12—22 h UT), 
with practically nondiffusive transport of the particles 
emitted by he Sun, are favorable for the Tupi experiment 
observation. In Figures 8,9,10 we show new examples 
on possible association between muon enhancements at 
ground observed by the TUPI telescopes and the Sun's 
X-ray activity, a X2.1-class flare on September 6, 2011, 
a M6.9-class flare on July 8, 2012 and a C2.3-class flare 
on November 5, 2012 respectively. Consequently, all ob- 
served in the current 24-th solar cycle. Currently the 
Tupi experiment is focused on systematic collection of 
the solar flare events. 

It is usually assumed that a solar flare must be very 
powerful, in order to be a candidate for an association 
with a GLE. However, there are at least three factors 
favorable for high sensitivity attained by the Tupi tele- 
scopes to solar transient events. First, this is the physical 
location of the Tupi experiment within the SAA region, 
where the shielding effect of the magnetosphere has " dip" 
due to the anomalously weak geomagnetic held strength. 
Despite the Stormer geomagnetic rigidity cutoff of 8-9 
GV at the Tupi location, the SAA introduces a subcut- 
off in the geomagnetic rigidity with a low value ~ 0.8—1.0 
GV. This means that the SAA works as a '"funnel"' 
for SEP . The second factor is the low energy thresh- 
old {Eth 0.2 - 0.3 GeV) in the Tupi experiment. The 
minimum proton energy Ep needed to produce muons 
of energy E^ in the atmosphere is Ep ^ 10 x Ep. Some 
experiments on study of solar modulation of galactic cos- 
mic rays use lead plates of up to 5 cm of thickness, that 
signiflcantly increase the energy threshold (up to several 
dozens GeV). For the purpose, the Tupi experiment does 
not use the lead plates. Third, the Tupi data acquisition 
is made on the basis of a Universal Serial Bus card, with 
a counting rate of up to 100 kHz per channel. Since Oc- 
tober 2012 the sampled rate of the vertical and inclined 
telescopes works at 30 Mhz. 

7. CONCLUSIONS 

Here we described an observation by the Tupi muon 
telescopes of the muon excess at ground level associated 
with an M5.1 class solar flare on May 17, 2012. This 
means that the particles, producing muons in the Earth's 
atmosphere, were emitted by the Sun, and their trans- 
port to Earth was practically nondiffusive. This flrst 
GLE event of solar cycle 24 was registered by neutron 
monitors all over the world. 

We have reported a description and an analysis of the 
time evolution of the muon flux variation at ground level 
in temporal correlation with the May 20, 2012 CME 
linked with the M5.1 solar flare. 

The Tupi muon telescopes are sensitive to primary par- 



2011 -09-06 




Universal Time (h) 

Fig. 8. — Top panel: Time profile of the x-ray flux on September 
6, 2011, according to GOES 15, for two wavelengths. Central and 
bottom panel: The 5-min muon counting rate in the vertical and 
inclined Tupi telescopes. There was an X2.1 solar flare from active 
area 1283 (N13W18). The flare timeline (onset;peak;end): (22:12 
UT; 22:16 UT; 22:24 UT). 

tides (including photons) with energies above the pion 
production threshold. The Tupi telescope can detect 
muons at sea level with energies greater than ~ 0.2 — 0.3 
GeV. The Tupi telescopes are located at sea level and 
within the SAA region, where the shielding effect of the 
magnetosphere has a " dip" due to the anomalously weak 
geomagnetic field strength. This characteristic allows the 
observation of transient events of diverse origins. In this 
area the primary and secondary charged cosmic ray parti- 
cles can penetrate deep into the atmosphere owing to the 
low magnetic field intensity over the SAA. In this region 
the solar fiare induced particles will come down to very 
low altitudes. Consequently, in the SAA region cosmic 
ray fluxes at lower energies are higher than world aver- 
ages at comparable altitudes. This feature is reflected 
as an enhancement in the counting rate of the incoming 
primary cosmic rays flux. 

We have also shown at least three experimental ev- 
idence of the association between the different types of 
solar flares and GLEs detected by the Tupi telescopes, al- 
ready in the current 24th solar cycle. Our experimental 
data show that the Tupi experiment is able to add new in- 
formation and can be complementary to other techniques 
designed to study solar transient events. It is obvious 
that further experimental observations of experimental 
events in association with solar transient events are nec- 
essary to get better statistical constraints in the study of 
space weather conditions in Earth's environment. 
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cil for Research (CNPq) of Brazil, under Grant 
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Fig. 9. — Top panel: Time profile of the x-ray fiux on July 8, 
2011, according to GOES 15, for two wavelengths. Central and 
bottom panel: The 5-min muon counting rate in the vertical Tupi 
telescope. There was an M6.9 solar flare from active area 1515 
(S14W86). The flare timeline (onset;peak;end): (16:23 UT; 16:32 
UT;16:42 UT). 
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Fig. 10. — Top panel: Time proflle of the x-ray flux on November 
5, 2012, according to GOES 15, for two wavelengths. Central and 
bottom panel: The 5-min muon counting rate in the vertical Tupi 
telescope, he numbers 1 and 2 correspond to the 1st and second 
peaks in association with the GOES data. Peak 1: a B4.0 solar flare 
from active area (S14E88). The flare timeline(onset;peak;end): 
(10:00 UT;vlO:06 UT;vlO:15 UT). Peak 2: a C2.3 solar flare from 
htnik)t^vc area (S14E88). The flare timeline (onset;peak;end): (18:30 
UT; 18:39 UT; 18:47 UT). There is an increase in the counting rate 
after (~ 10 hUT). This seasonal variation o f the intensity is due 
to day-night asymmetry lAugusto et al. ]|2010l) . 
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